Abstract We used borehole seismic records of four repeating-earthquake clusters and two explosions to investigate the coseismic changes of the scattering wave field of the 28 September 2004 M 6 Parkfield earthquake. We found systematic changes in P-wave and S-wave coda recorded from repeating events that occurred before and immediately after the earthquake. Applying the coda wave interferometry technique allowed us to determine that the observed changes are caused by a localized change in the scattering field. We further developed a technique based on decorrelation indexes calculated from running time windows to locate migrating scatterers. Synthetic tests showed that the technique is relatively insensitive to changes in background velocity of the medium and source location and thus can be applied to records of loosely colocated clusters. We found a localized change of material property within the fault zone at ∼3 km depth beneath the Middle Mountain area. The change is shown most clearly in the P-to-S scattering mode of the active source data and both the P-to-S and S-to-S scattering modes of the repeating earthquakes data, suggesting that the observed scattering property change is a result of charge or discharge of fluids in fractures caused by the 2004 Parkfield earthquake. The same scatterer(s) was found to respond to the 1993 aseismic stress/strain transient event, acting like an in situ stress-strain meter at seismogenic depth. Four-dimensional time-lapse imaging of the scattering wave field thus provides an effective way to monitor the subsurface stress-strain field.
Introduction
Monitoring the time-varying stress and strain field along an active fault has been a long-time goal of earthquake seismology. While the surface strain field is observable by geodetic instrumentation, such as Global Positioning System (GPS) and strainmeters, in situ measurements of the stress and strain field at seismogenic depth are still difficult to obtain. Laboratory studies show that elastic properties of crustal rocks can vary with applied stress as a result of opening or closing of fluid-filled cracks (Walsh, 1965; Scholz, 1968; Nur and Simmons, 1969; O'Connell and Budiansky, 1974) . Thus, in principle, the stress field can be monitored by time-lapse (four-dimensional) seismic imaging of the elastic field, provided the scaling relationship between the two fields is well established. One approach to obtain such measurements is to examine temporal variations in the P-wave and S-wave coda wave field because they repeatedly sample the same region during their propagation and thus are more sensitive to subtle changes in the medium.
To perform time-lapse seismic imaging, a highly powerful and repeatable source, either natural or artificial, is required to minimize artifacts arising from changes of source location or source characteristics. One natural source is repeating earthquakes, which occur on the same patch of a fault plane with the same source mechanism at different times (e.g., Nadeau et al., 1995) . When recorded at the same station, they produce highly similar seismograms. Repeating earthquakes have been widely used to identify coseismic velocity changes associated with large earthquakes (Schaff and Beroza, 2004; Rubinstein and Beroza, 2004a , 2004b Peng and Ben-Zion, 2006; Rubinstein et al., 2007) . Most of the observed coseismic velocity changes are found to occur at very shallow depth, usually less than a hundred meters, and are related to structural damage induced by strong ground motion. On the other hand, there are also reports of localized changes within the fault zone at seismogenic depth caused by stress transients associated with tectonic events (Niu et al., 2003; Taira et al., 2008) .
Although repeating earthquakes are ideal sources to illuminate stress transients at seismogenic depth, given their depth and large size, it is difficult to use them to monitor these transients because of the lack of control on timing of the earthquakes and uncertainties in their absolute location. With the advantage of exactly known source characteristics and location, controlled sources such as explosions, air guns, and vibrators are more desirable in monitoring temporal changes of the velocity field, provided they generate sufficient energy to penetrate to seismogenic depths (Li et al., 1998; Vidale and Li, 2003; Li et al., 2006) . Studies of faultzone guide waves and S-coda waves by Li et al. (1998 Li et al. ( , 2003 Li et al. ( , 2006 ) revealed a significant coseismic velocity drop inside a narrow ∼200-m fault damage zone and a logarithmic postseismic velocity healing. They further suggested that rock damages induced by dynamic rupture of the fault zone were responsible for the observed velocity change.
In this study, we use both natural and artificial sources to investigate temporal and spatial varying seismic scattering properties in the Parkfield region induced by the 2004 Parkfield earthquake (Langbein et al., 2005 ). An improved technique based on coda wave interferometry is developed to image sources of the temporal variations in coda waveform. We find a systematic pattern in temporal varying scattering properties (i.e., moving scatterers) at ∼3 km depth in the fault zone of the San Andreas fault from both the natural and artificial sources.
Data
The Parkfield section of the San Andreas fault is perhaps the best-instrumented region on the globe (Fig. 1) . The region's High Resolution Seismic Network (HRSN), consisting of 13 borehole stations, provides an unprecedented opportunity to study the fine-scale seismic structure of the fault zone, as well as the evolving seismicity along the fault. The presence of repeating earthquakes (e.g., Nadeau et al., 1995) and the availability of about two decades of HRSN data make Parkfield an ideal place for studying temporal variations of fault properties. Figure 2 shows an example of the waveforms recorded at station VCA from a repeatingearthquake cluster, K03 (Nadeau and McEvilly, 1997; Nadeau and Johnson, 1998) , which consists of 28 events occurring between 1988 and 2006. We analyzed HRSN recordings from four repeating-earthquake clusters to find coherent changes in the scattering field ( Fig. 3 and Table 1 ). Note that the gray area in Figure 3 corresponds to an interrupted period of HRSN operation. No data were available during this period, which results in an apparent gap in repeating-earthquake detection. Niu et al. (2003) used earthquakes before the gap, and we mainly used the earthquakes after it. All four clusters include events that occurred a few months to one year before and immediately after the 2004 M 6 Parkfield earthquake, allowing us to investigate structural changes associated with that earthquake. Waveforms recorded at the HRSN stations from these four clusters are highly similar, suggesting that these clusters are tightly located. Double-difference relocations confirm this to within the relocations' uncertainties (i.e., ∼5-10 m). In addition to the passive repeating-earthquake data, we also used HRSN records of two 500-lb chemical explosions that were fired on 17 October 2002 and 29 December 2004. The two shots were separated by only ∼10 m and thereby generated very similar waveforms.
Methods

Measuring Waveform Variations
In this study, we analyzed only the vertical channel of the HRSN data, which usually has higher signal-to-noise ratio (SNR) than the two horizontal components. We first applied a second-order Butterworth band-pass filter (zero-phase shift) to the data. The pass band used was 5-35 Hz for repeatingearthquake data and 1-10 Hz for explosion data, respectively. We further interpolated the time sequences to 32; 000 samples=second to obtain better resolution in picking the arrival times. We estimated errors in delay time measurement based on the SNR of the data (Cheng et al., 2007) and used them to determine the sampling interval of the interpolation. Interpolation was performed in the frequency domain by padding zeros to the original spectra. We then computed the cross correlation between the first seismogram of each of the repeating-earthquake series and explosion pair with each subsequent seismogram in the corresponding sequence or pair to obtain the delay times of the P arrivals between events of the sequences and explosions. We further used a cosine fitting method to estimate the subsample delay times that were not included from the cross-correlation method (De Jong et al., 1990; Cespedes et al., 1995) . Given the largest sample of the correlation function C0 and its two neighbors C 1 and C1, the estimated subsample delay time is given by the following expression:
where Δt is the sampling interval, ω 0 is the angular frequency of the cosine function given by
and θ is the phase of the cosine function given by Elapse Time After P arrival (sec)
To ensure that all the seismograms were aligned at the peak cross correlation, we resampled the subsequent seismograms in each cluster with an eighth-order sinc function u 0 nΔt δt
where ut and u 0 t are the original and resampled time sequences, respectively. All the seismograms in each cluster were further normalized with their maximum amplitudes and aligned at the P-wave arrivals.
Once the seismograms were aligned, we computed the running time cross correlation between the first seismogram and each subsequent seismogram within a 0.5-s moving time window:
where u r t and u s t are the first (reference) and the subsequent seismograms, respectively. The time window is centered at lapse time t with a window length T 0:5 s. The lagτ t was obtained when the maximum cross correlation C max τ t; t was reached. We then defined a decorrelation index (Niu et al., 2003) Dt 1 C max τ t; t:
Here, Dt quantifies the dissimilarity between two seismograms and varies from 0 to 1. If the subsequent seismogram is similar to the reference seismogram, then Dt 0. For a medium with randomly distributed scatterers, the lag time τt and the decorrelation index Dt are related to the weighted mean and variance of the time lags, τ i , associated with the individual scatterers in the time window centered on t (Snieder et al., 2002) :
where ω is the characteristic angular frequency of the scattered waves. According to equation (7), a change in the background velocity will result in a constant time lagτ i for all the scatterers, which increases linearly with the lapse time t:
The constant time lags τ i lead to a zero variance and subsequently a zero decorrelation index. Equation (8) has been widely used to infer coseismic velocity changes (Schaff and Beroza, 2004; Rubinstein and Beroza, 2005; Li et al., 2006; Rubinstein et al., 2007) . Dt calculated from a perturbation in source location results in an initial increase with lapse time and quickly falls to a constant level (Snieder et al., 2002 , Niu et al., 2003 that can be used as an indicator of the distance between the two sources. Snieder et al. (2005) used the constant level of the decorrelation index to investigate distances between earthquake doublets identified along the Hayward fault, California. On the other hand, a localized change in the scattering field should result in isolated spikes in both the lag time τt and the decorrelation index Dt (Niu et al., 2003) .
Synthetic Tests
Using numerical experiments, Niu et al. (2003) investigated the characteristics of τ t and Dt with changes in the source location, as well as in the bulk and localized velocity field. In their study, acoustic synthetics were computed and used in the numerical experiment. Here, we conducted the same experiments with two-dimensional (2D) elastic synthetics. We designed a 2D model with a dimension of 40 × 21.5 km and a set of 20-m spaced grids (Fig. 4) . We used the perfectly matched layer absorbing boundary method (Berenger, 1996) for the four boundaries to reduce artificial reflections. A Ricker wavelet with a dominant frequency of 8 Hz was used as the source-time function. Following (Frankel and Clayton, 1986), we created a Gaussian random medium using Rr ε 2 exp r 2 =a 2 ;
where Rr is the autocorrelation function at distance r, ε is the strength of the heterogeneity, and a is the correlation distance or the scale of the heterogeneity. A Gaussian random medium with 6 km=s mean, 0:6 km=s standard deviation, and 1000 m correlation length was created as the velocity model. Because we used a 2D model, a velocity model with unrealistically high (10%) perturbations was needed to generate the same level of coda energy shown in data originating from 3D scattering. While Niu et al. (2003) found significant differences in τt and Dt due to changes in source and medium, the purpose of our numerical experiment here is to determine whether or not we can identify localized changes in the medium when a change in the background velocity is also present and the two sources are loosely colocated. To do this, we have computed two sets of elastic synthetic seismograms with a source-receiver geometry that mimics the setting of the active source dataset shown in the Explosive Source Data section. The background velocity in the second model was 0.1% lower than in the first model, and the source was placed one grid (20 m) away from the source in the first model. We also introduced a strong scatterer with a dimension of 600 × 600 m and a velocity contrast of 25% to the second model (Fig. 4a) . The synthetic seismograms at station EAD calculated from the two models are shown in Figure 4 . Although the two seismograms appeared to be very similar, substantial differences actually exist. This can be shown by constructing an apparent differential seismogram between the two. More importantly, the differences are mainly caused by the changes in the background velocity and source location, and it is almost impossible to identify the scattered coda waves associated with the strong scatterer from the apparent differential seismogram. On the other hand, the localized change in the scattering field can be easily recognized form the decorrelation index. Obviously, the 0.1% drop in the background velocity has relatively little effect on the decorrelation index.
Locating Moving Scatterers with Diffraction Migration
To locate the scatterers for which the physical properties have changed in time, we constructed differential seismograms between the first and each subsequent event for each sequence and explosion pair by taking the difference of seismograms after taking account of the time lag: δut u s t τt u r t:
(10)
In principle, only energy from time-dependent physical properties, such as changes in scatterer location, strength, or localized velocity change near to the scatterer, is expected to dominate in the differential seismograms. Energy from the unchanged background medium will be removed by this procedure. Note we have improved the method used by Niu et al. (2003) in computing the differential seismograms. The running time window-based subtraction is made between the two time windows with maximum cross correlation. Like the decorrelation index, this procedure can effectively (a) A Gaussian random model was used to calculate the synthetic waveforms. A large model dimension helped ensure that no reflected artifacts were generated from the boundaries. The star shows the location of the simulated shot source. Triangles are the receivers mimicking the actual locations of the HRSN sensors. (b) The top two traces show examples of synthetic waveforms at station EAD before and after simultaneously introducing source location, background velocity, and localized velocity changes. The third and fourth traces are the resulting differential seismogram and running window decorrelation index measurements from the top two waveforms. Notice the decorrelation index measurements are normalized by the waveforms' SNR and that the scale of the differential seismograms is around one-tenth of the original waveforms.
remove the stretching effect that results from changes in background velocity.
We further applied a diffraction migration technique to the differential seismograms to locate the moving scatterers. To do this, we assumed a single scattering model and ignored the multiple scattering effect (Sato and Fehler, 1998) . Using 3D P-and S-wave velocity models derived from arrival times inversion for a combination of microearthquakes and surface Vibroseis sources (Michelini and McEvilly, 1991) , we generated sets of P-and S-wave travel time tables using a 3D eikonal solver (Zelt and Barton, 1998 
where m and n represent the P-and S-wave scattered modes with a combination of P-to-P, P-to-S, S-to-P, and S-to-S converted phases; t mn ij represents the total travel time of the mn scattering wave, which was computed by summing the travel times from the i-th event to the scatterer located at r and from the scatterer to the j-th receiver; t P ij is the arrival time of the direct P wave; a mn s is the weight function for each corresponding scattering mode. The summation was performed over all the event-station pairs, as well as all possible scattering modes.
Results and Discussion
Repeating-Earthquake Data
We have collected HRSN waveform data for four repeating-earthquake sequences to investigate changes in the scattering wave field associated with the 2004 M 6 Parkfield earthquake. These four repeating earthquakes clusters were used by Niu et al. (2003) to study the 1993 aseismic slip event in the same region. We first updated the catalog of the four clusters to the end of 2007.
Within each cluster, we selected the event immediately preceding the 2004 Parkfield earthquake as the reference event to calculate the time lag and the decorrelation index. Once the time lag for each time window was obtained, the differential seismograms were computed using equation (10). The reference events of the four clusters occurred a few months before the M 6 earthquake (Fig. 3) ; thus we have implicitly assumed that there were no significant changes in the scattering field during the several-month period before the M 6 earthquake. We argue that this is a reasonable assumption because very little energy was found in the differential seismograms constructed among events before the M 6 earthquake (Fig. 5) . Figure 5 shows the differential seismograms recorded at stations RMN and VCA from clusters K01 and K03. For nearly two years prior to the Parkfield earthquake (between January of 2002 and January of 2004), no obvious differential energy was registered at either station from the K01 cluster. The same observation was also obtained for the differential seismograms constructed for events of cluster K03 with a two-year interval before the 2004 Parkfield earthquake. Meanwhile, we observed large and consistent changes in waveform between the event occurring in January 2004 and the one that was recorded 16 minutes after the M 6 earthquake. These changes were identified across all the four repeating-earthquake clusters and at all HRSN stations. Rubinstein and Beroza (2005) found that the most significant coseismic velocity drop was located near the rupture area of the Parkfield earthquake and most of the velocity decreases occurred within the fault zone at very shallow depths (< 100 m), due to direct damage caused by strong shaking during the earthquake. These shallow surface changes, however, appeared to have little affect on the borehole HRSN station recordings. In addition, the shallow changes appeared as changes in the overall background velocity, which our procedure is designed to remove from the differential seismograms and the decorrelation index.
We applied the diffraction migration technique described in the previous section (Locating Moving Scatterers with Diffraction Migration) to the differential seismograms calculated from the four clusters. Here the differential seismograms were computed from the two events occurring immediately before and after the M 6 earthquake. Because little energy was seen in the P-coda, we only used the P-to-S and S-to-S scattering modes to form the final image (Fig. 6) . The S-wave coda energy in the differential seismograms was projected to a spot within the fault zone approximately 3 km below the Middle Mountain area (Fig. 6) . The predicted time of the P-to-S and S-to-S scattered phases are marked with black and red arrows in Figure 6a . We interpret this spot as a transient scatterer(s) that responded to the M 6 earthquake. This scatterer also seems to be colocated with the scatterer identified by Niu et al. (2003) . Therefore, it seems that this scatterer responded to both the 1993 aseismic event at Parkfield and the 2004 M 6 Parkfield earthquake. Taira et al. (2009) also found that the same scatterer responded to the dynamic stress change of the 2004 M 9.1 SumatraAndaman earthquake. Hence, this scatterer may be considered as a type of in situ stress change meter, providing the scaling relationship between the scattered wave field changes and the stress changes is well established. are almost colocated and thus produced highly similar seismograms at HRSN stations. Using fault-zone trapped waves generated by these two shots, Li et al. (2006) reported an ∼1% coseismic velocity drop within a ∼200-m-wide fault zone along the fault strike. In general, records of surface instruments tend to be noisier, and it is very challenging to correct variations from the near-surface environment layer when they are used for time-lapse seismic imaging. We thus decided to use the HRSN records of the two explosions. Figure 8 . Running window decorrelation index measurements of the two explosion shots and the corresponding image of scatterer migration. (a) Running window decorrelation index measurements were calculated from vertical-component seismograms, which were taken between the shots before and after the Parkfield earthquake. (b) Cross-section view parallel to the fault and (c) a horizontal slice taken at 3 km depth. Using the decorrelation index measurements shown in (a), the Born approximation migration results show a consistent pattern of change in seismic scattering properties occurring at almost the same location as that found using the repeatingearthquake data. Color bar corresponds to normalized stacking decorrelation index. The arrows in (a) show the predicted arrival time for P-to-S converted phase from the observed moving scatterer.
We basically applied the same techniques and procedures used in analyzing the repeating-earthquake data. Seismograms of the first explosion were used as the reference for computation of the second event's lag time, the decorrelation index, and the differential seismograms. Figure 7 shows examples of the differential seismograms and decorrelation indexes computed at stations CCR and VCA. Although the seismograms from the two shots are quite similar (Fig. 7) , the similarity here is actually much lower than for the repeating-earthquake data. We attributed the lower similarity seen here to changes in the shot location, temporal changes in near-surface conditions at the shot site (e.g., water table, rainfall, etc.), and, more likely, to the large coseismic velocity drop within the nearsurface layer (Rubinstein and Beroza, 2005; Li et al., 2006) due to the Parkfield mainshock. Because the two shots were located near the fault zone at the surface, the downward wave-field propagation from the sources to the receivers may still sample the medium damage inside the shallow fault zone, despite borehole stations being used. We thus turned to the decorrelation index to identify potential transient scatterers. We also computed the arrival times of the P-to-S and S-to-S waves scattered at the transient scatterer (as identified by repeating earthquakes), and these arrivals are shown in Figure 7 with black arrows. We found distinct spikes in the decorrelation index within the predicted P-to-S arrival time window. We expected the S-to-S scattered waves to be relatively weak as very little S-wave energy radiated from the shots. We next back-projected the spikes in the decorrelation index, measured from all stations based on the P-to-S scattering mode, into a 3D grid space. We found a well-defined location where the isochrones intersect with the others (Fig. 8) . The location matches well with the transient scatterer determined by the repeating-earthquake data. The predicted arrival times of the P-to-S scattered wave are marked with black arrows on the running window decorrelation index time series in Figure 8a . Baisch and Bokelmann (2001) reported coseismic changes in the scattering field associated with the 1989 M 6.9 Loma Prieta earthquake. They attributed the observed changes to coseismic deformation, which leads to crack opening either by local concentration of shear stress or by elevated pore pressure. Our results clearly show that the transient scatterer observed here is located at the edge of the area where significant coseismic slip from the Parkfield earthquake occurred (Johanson et al., 2006) (Fig. 9) . Thus, the detailed structural change we see here is likely due to localized fluid redistribution on the San Andreas fault resulting from coseismic stress changes and fault-zone damage from the Parkfield earthquake.
Conclusion
We investigated temporal variations in the coda waveforms of four repeating-earthquake clusters and two repeating explosions and found a systematic change associated with the 2004 M 6 Parkfield earthquake. Analysis of the decorrelation index revealed that a localized change in the scattering field was responsible for the observation. We improved the migration technique used in our previous study and applied it to both the earthquake and controlled source data. The two datasets revealed a consistent image of a timedependent scatterer, which is located ∼3 km deep beneath the Middle Mountain area at approximately the upper northwest edge of the major rupture zone of the 2004 M 6 Parkfield earthquake. Assuming the wavelength of the scattered wave is comparable to the size of the scatterer, we estimate the dimension of the scatterer to be of the order of 300 m, based on the characteristic frequency of the scattered wave (10 Hz) and local S-wave velocity (3 km=s). The scatterer appears to be more efficient in scattering S-wave energy, indicating an involvement of fluid with the observed structural changes. Based on these observations, we speculated that the observed structural changes are likely caused by fluid redistribution resulting from a combination of stress relaxation and direct fault-zone damage. This is the third reported episode of stress change to which this scatterer has responded when examined using similar methods, confirming the scatterer as a robust indicator of stress change located directly in the seismogenic crust.
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